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ABSTRACT This report describes a modulatory action of
lithium and glutamate on the activity of serineythreonine
kinase Akt-1. Lithium is most commonly used to treat bipolar
disorder, but the mechanism of its therapeutic action remains
unknown. We have recently demonstrated that lithium pro-
tects against glutamate-induced excitotoxicity in cultured
brain neurons and in an animal model of cerebral ischemia.
This study was undertaken to investigate the role of Akt-1,
activated by the phosphatidylinositol 3-kinase (PI 3-K) sig-
naling pathway, in mediating glutamate excitotoxicity and
lithium protection in cerebellar granule cells. High levels of
phosphorylation and activity of Akt-1 were detected in cere-
bellar neurons cultured in the presence of serum. Protracted
treatment with selective PI 3-K inhibitors, wortmannin and
LY294002, abolished Akt-1 activity and induced neuronal
death that could be reduced by long-term lithium pretreat-
ment. Exposure of cells to glutamate induced a rapid and
reversible loss of Akt-1 phosphorylation and kinase activity.
These effects were closely correlated with excitotoxicity and
caspase 3 activation and were prevented by phosphatase
inhibitors, okadaic acid and caliculin A. Long-term lithium
pretreatment suppressed glutamate-induced loss of Akt-1
activity and accelerated its recovery toward the control levels.
Lithium treatment alone induced rapid increase in PI 3-K
activity, and Akt-1 phosphorylation with accompanying ki-
nase activation, which was blocked by PI 3-K inhibitors.
Lithium also increased the phosphorylation of glycogen syn-
thase kinase-3 (GSK-3), a downstream physiological target of
Akt. Thus, modulation of Akt-1 activity appears to play a key
role in the mechanism of glutamate excitotoxicity and lithium
neuroprotection.

Regulation of cell survival is crucial to the normal physiology
of multicellular organisms. Perturbation of cell survival mech-
anisms can lead to either excessive or insufficient cell death
which may result in pathological conditions. Apoptosis, also
referred to as programmed cell death, is an evolutionarily
conserved form of cell death critical for tissue homeostasis.
Neurotrophins and growth factors have been shown to inhibit
apoptosis and promote cell survival by signal transduction
mediated through the phosphatidylinositol 3-kinase (PI 3-K)y
Akt cascade (1, 2). The PI 3-KyAkt pathway is preferentially
activated by insulin and growth factors such as insulin-like
growth factor 1 (IGF-1) and platelet-derived growth factor
(PDGF) (2–5). Akt, also known as PKB or RAC, is a multi-
isoform serineythreonine kinase and downstream target of PI
3-K (3). Activation of Akt requires phosphorylation by up-
stream PI-dependent kinases, which is preceded by binding of
PI 3-K products, PI-3,4,5-trisphosphate (PI-3,4,5-P3) andyor

PI-3,4,-bisphosphate (PI-3,4-P2), to the pleckstrin homology
domain of Akt (6, 7). PI-dependent kinases activate Akt-1, the
most frequently studied isoform of Akt, by phosphorylation on
Ser473 and Thr308 (8). This reversible phosphorylation is neg-
atively regulated by protein phosphatase 2A (9).

Excitotoxic neuronal death induced by glutamate has been
shown to occur through both necrosis and apoptosis, with
apoptosis being predominant when the glutamate insult is
relatively mild (10). Although excitotoxicity is triggered by an
exaggerated and prolonged rise in intracellular Ca21, little is
known about the subsequent events that ultimately lead to cell
death. During cerebral ischemia, neurodegeneration is asso-
ciated with a massive efflux of glutamate (11), which contrib-
utes to neuronal death by overstimulating glutamate receptors.
IGF-1 has been reported to reduce brain damage induced by
hypoxic-ischemic injury (12) and to rescue rat cerebral cortical
neurons from N-methyl-D-aspartate (NMDA) receptor-
mediated apoptosis (13) in a PI 3-K-dependent manner. The
characteristics of neuronal apoptosis caused by growth factor
withdrawal (1, 2) and glutamate treatment (10, 14) in cultured
neurons are strikingly similar, suggesting that glutamate-
induced apoptosis and growth factor-elicited neuroprotection
share a common target.

Our recent studies demonstrate that long-term lithium
treatment robustly protects cultured neurons of the central
nervous system against glutamate-induced apoptosis mediated
by NMDA receptors (14), and in vivo it protects rats against
focal ischemia-induced brain damage (15). In light of the
similarity of the protective actions elicited by IGF-1 and
lithium, the aims of this study are to elucidate the role of the
PI 3-KyAkt signaling pathway in glutamate excitotoxicity and
in lithium-induced neuroprotection in cerebellar granule cells
(CGCs), which represent the most abundant neuronal pheno-
type in the mammalian brain and are a nearly homogenous
glutamatergic neuronal population. CGCs are particularly
useful in studying the role of the PI 3-KyAkt pathway, because
it has been shown that Akt is a critical mediator of growth
factor-induced survival in these neurons (2).

MATERIALS AND METHODS

Cell Culture. Primary cultures of CGCs were prepared from
8-day-old Sprague–Dawley rats as described (14). The cells
were maintained in basal modified Eagle’s medium containing
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10% FCS, 2 mM glutamine, 50 mgyml gentamicin, and 25 mM
KCl. Cytosine b-D-arabinofuranoside (10 mM) was added 24 h
after plating to arrest the growth of nonneuronal cells. Cul-
tures were harvested after 8 days in vitro.

Measurement of Neurotoxicity. The mitochondrial dehy-
drogenase activity that reduces 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) in active mitochon-
dria to purple formazan was used to determine cell survival in
a colorimetric assay as described (14).

Protein Determination and Normalization. Equal levels of
total Akt, PI 3-K, and GSK-3 proteins were ensured in all
phosphorylation and kinase activity assays by using an equal
amount of protein for each sample as determined by protein
assay (Bio-Rad) and by using immunoblotting with phospho-
rylation-independent antibodies to determine total Akt or
GSK-3 levels.

PI 3-Kinase Activity Assay. PI 3-K activity was measured as
described (5, 16), with modifications. After treatment, CGCs
were washed with buffer C (20 mM TriszHCl, pH 7.4y137 mM
NaCly1 mM MgCl2y1 mM CaCl2y0.1 mM Na3VO4) and lysed
on ice with 1 ml of buffer C containing 1% Nonidet P-40 and
1 mM PMSF. After removal of insoluble materials, superna-
tants were incubated at 4°C for 1 h with 5 ml of anti-PI 3-K
antiserum, which recognizes the p85 subunit of PI 3-K (Up-
state Biotechnology); incubation was followed by precipitation
with protein A-agarose (Santa Cruz Biotechnology). The
immunoprecipitates were washed with lysis buffer, then with a
buffer containing 100 mM TriszHCl, pH 7.4y5 mM NaCly0.1
mM Na3VO4, and with 10 mM TriszHCl, pH 7.4y150 mM
NaCly5 mM EDTA, containing 0.1 mM Na3VO4. The samples
were then incubated for 10 min at 37°C in PI 3-K reaction
buffer containing 0.88 mM ATP, 20 mM MgCl2, 30 mCi of
[g-32P]ATP (3,000 Ciymmol) (DuPontyNEN), and 2 mgyml
phosphatidylinositol (PI) (Sigma) as a substrate. The reaction
was terminated by addition of 20 ml of 6 M HCl, and the
radiolabeled phospholipids were extracted by the addition of
160 ml of a mixture (1:1) of CHCl3 and MeOH. The lipids in
the organic phase were resolved on potassium oxalate-treated
TLC plates (Analtech) and developed by chromatography in
CHCl3yMeOHyH2OyNH4OH (60:47:11.3:2). Radioactive PI-
3-monophosphate (PI-3-P) products were identified by com-
parison to the Rf value of unlabeled PI-3-P (Calbiochem),
visualized by autoradiography, and quantified.

Immunoblotting. Cell lysates were prepared by using the
same method as for Akt immunocomplex kinase assays (see
below). The homogenates were centrifuged and supernatants
(20 mg) were used for immunoblotting according to standard
procedures. Akt-1 phosphorylated at Ser473 or Thr308 was
detected with phospho-specific Akt-1 polyclonal antibodies;
total Akt-1 was detected by using phosphorylation-
independent antibodies (New England Biolabs). Anti-
phospho-Ser21 GSK-3 and poly(ADP-ribose) polymerase
(PARP) antibodies were purchased from Upstate Biotechnol-
ogy and anti-GSK-3 antibody came from Advanced Immuno-
Chemical. The protein bands were visualized by enhanced
chemiluminescence (Amersham).

Akt Immunocomplex in Vitro Kinase Assay. Cells were lysed
for 10 min in ice-cold buffer A (50 mM TriszHCl, pH 7.5y1 mM
EDTAy1 mM EGTAy0.5 mM Na3VO4y0.1% 2-mercaptoetha-
noly1% Triton X-100y50 mM NaFy5 mM sodium pyrophos-
phatey10 mM sodium b-glycerophosphatey0.1 mM PMSFy1
mM microcystiny1 mgzml21 each pepstatin, aprotinin, and
leupeptin). The lysates were centrifuged and the supernatants
were collected. Equal amounts of protein (500 mg) were used
for each assay. Akt was immunoprecipitated in buffer A at 4°C
for 1 h with isoform-specific Akt-1, Akt-2, or Akt-3 anti-
pleckstrin homology domain antibodies (Upstate Biotechnol-
ogy), precoupled to protein G-agarose (Santa Cruz Biotech-
nology). The immunoprecipitates were washed with buffer A
containing 0.5 M NaCl, then with buffer B (50 mM TriszHCl,

pH 7.5y0.03% Brij-35y0.1 mM EGTAy0.1% 2-mercaptoetha-
nol) and finally with assay dilution buffer (100 mM Mops, pH
7.2y125 mM b-glycerophosphatey25 mM EGTAy5 mM
Na3VO4y5 mM DTT). In vitro kinase assays were performed
in assay dilution buffer by measuring the incorporation of 32P
into Akt-specific substrate peptide RPRAATF (Upstate Bio-
technology) during a 10-min incubation at 30°C in the presence
of 10 mM protein kinase A inhibitor peptide; the latter was
used to inhibit the activity of cAMP-dependent protein kinase
kinase that may nonspecifically bind to the complex. The
sequence of the substrate resembles that surrounding the
phosphorylation site of GSK-3 and other Akt substrates (17).
The phosphorylated substrate was then separated from the
residual [g-32P]ATP with P81 phosphocellulose (Upstate Bio-
technology), and the incorporated radioactivity was quanti-
fied. Endogenous phosphorylation of proteins in the cell
extract and nonspecific immunoprecipitation were determined
by substituting buffer for substrate cocktail and nonspecific
sheep polyclonal IgG for Akt antibody, respectively, and were
subtracted. The absolute values of the 100% control were
98,500 6 7,540 dpm.

RESULTS

Treatment of CGCs for 4 days with wortmannin or LY294002,
two selective PI 3-K inhibitors, resulted in concentration-
dependent neuronal death. Protracted pretreatment of cells
with 3 mM LiCl markedly reduced the neurotoxicity elicited by
these inhibitors (Fig. 1 a and b). Therefore, we examined
whether lithium modulates the activity of PI 3-K by measuring
the synthesis of PI-3-P from PI by immunoprecipitated PI 3-K.
Treatment of cells with 3 mM LiCl increased PI 3-K activity
above serum-elevated control levels more than 2-fold at 5 min,
and the increase was still observed at 30 min (Fig. 1 c and d).
In contrast, glutamate treatment did not alter PI 3-K activity
(data not shown), indicating that this enzyme is not a conver-
gent site of action of lithium and glutamate. Because the PI 3-K
cascade leads to Akt activation, which is involved in protecting
CGCs from apoptosis induced by serum withdrawal (2), we
assessed Akt-1 activation by measuring either the levels of
Ser473-phosphorylated Akt-1 or the kinase activity after its
immunoprecipitation. Both methods detected a relatively high
level of basal Akt-1 activity that was completely blocked by
wortmannin or LY294002, but was virtually unaffected by a
mitogen-activated protein kinase kinase (MEK) inhibitor, PD
98059, and a p38 kinase inhibitor, SB 203580 (Fig. 1 e and f ).
These results confirmed that Ser473 phosphorylation is criti-
cally dependent on PI 3-K activity. The high levels of basal
Akt-1 activity are most likely caused by the presence of growth
factors in the culture medium, because the removal of serum
induced a rapid depletion of Akt-1 activity (Fig. 1g).

Next, we examined the role of Akt-1 in mediating glutamate
excitotoxicity and lithium neuroprotection. Treatment of
CGCs with glutamate for 30 min induced a concentration-
dependent decrease in Akt-1 kinase activity with a 90% loss at
50 mM (Fig. 2a). The concentration-dependence of this inhi-
bition of Akt-1 activity was parallel with the glutamate-
induced death of CGCs at 20 h, as measured by MTT assay. All
other experiments were performed by using a relatively low
dose of glutamate (50 mM) that is prone to kill cells through
apoptotic mechanisms, unlike high doses of glutamate that
induce necrotic death (10, 14). Moreover, the levels of Akt-1
phosphorylated at Ser473 (Fig. 2b Upper blot) and Thr308

(results not shown) were rapidly and reversibly decreased
between 10 min and 8 h after glutamate exposure. However,
levels of total Akt-1 protein were unchanged by glutamate
treatment for up to 16 h (Fig. 2b Lower blot). Treatment for
more than 20 h caused a rapid decrease in levels of both
phosphorylated and total Akt protein, probably because of the
progression of apoptotic death (results not shown). Interest-
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ingly, pretreatment of CGCs with LiCl (3 mM) for 7 days
markedly accelerated the recovery of phosphorylated Akt-1 to
untreated levels (Fig. 2c Upper blot). Thus, the recovery was
observed at 4 and 8 h in the presence and absence, respectively,
of lithium pretreatment. In aliquots of the same samples we
found that Akt-1 kinase activity was also drastically inhibited
by glutamate treatment (Fig. 2d). The effect was detected at 10
min, reached a nadir around 1 h, and then gradually recovered
to 70% of the control at 8 h. Lithium pretreatment prevented
the complete inhibition of Akt-1 kinase activity and facilitated
its recovery toward the control level.

To examine whether the effects of glutamate on Akt phos-
phorylation and activity are related to excitotoxicity, we per-
formed in-parallel time-course studies of glutamate-induced
CGCs loss. Glutamate induced a rapid, time-dependent de-
cline in cell viability with a loss of about 40% at 4 h and more
than 50% between 8 and 20 h (Fig. 2e). These effects were
almost completely blocked by lithium pretreatment. Because
glutamate excitotoxicity in CGCs involves activation of caspase
3 (10), we examined the effects on the degradation of PARP,
a substrate of caspase 3. At 4 and 8 h after glutamate exposure,
the conversion of the 116-kDa PARP to its 85-kDa degrada-
tion product was markedly increased, and this effect was
effectively suppressed by lithium pretreatment (Fig. 2f ).

We then examined the actions of lithium alone on Akt-1
kinase activity and Akt-1 phosphorylation in CGCs under
culturing conditions in which the enzyme was already exten-
sively phosphorylated. LiCl (3 mM) induced an additional
rapid increase in Akt-1 activity, which peaked 30 min after
treatment and declined to basal level by 3 h (Fig. 3a). Acute
lithium exposure also induced a transient increase in isoform
Akt-3 activity, whereas isoform Akt-2 activity was virtually

undetectable and not regulated by lithium treatment (Inset in
Fig. 3a). A slight increase in Akt-1 activity was detected after
lithium treatment for 3 days and persisted for at least 4 days.
Measurements of Akt-1 phosphorylation at Ser473 (Fig. 3b
Upper blot) and Thr308 (data not shown) confirmed the
biphasic short- and long-term effects of lithium on Akt-1
activation, whereas levels of total Akt protein were unaffected
(Fig. 3b Lower blot). Short-term (30-min) treatment of CGCs
with lithium showed that therapeutically relevant concentra-
tions of lithium increased Akt-1 phosphorylation and kinase
activity with a maximal effect at 1 mM, but levels of total Akt
protein remained unchanged (Fig. 3c). Similarly, long-term
(7-day) treatment with LiCl elicited a dose-dependent increase
in Akt-1 phosphorylation with a marked effect at 3 mM and
reduced effect at 5 mM (Fig. 3d). We also examined the effects
of lithium and glutamate on Akt-1 activity in a cell-free system.
Incubation of immunoprecipitated Akt-1 with 3 mM LiCl or 50
mM glutamate for 30 min failed to affect Akt-1 kinase activity,
thus excluding the possibility of a direct action of lithium or
glutamate on Akt-1 (results not shown).

The effects of glutamate and lithium on Akt-1 activity were
characterized further. The inhibition of Akt-1 activity by
glutamate was completely blocked by MK-801 (Fig. 4a), again
supporting our previous report that glutamate-induced exci-
totoxicity is entirely mediated by NMDA receptors (14).
However, DEVD-fmk, a selective inhibitor of caspase 3, had
no effect on glutamate inhibition of Akt-1 activity (Fig. 4a),
suggesting that caspase 3 activation is a downstream event of
Akt-1 inhibition. It has been reported that protein phospha-
tases, particularly the 2A subtype of protein phosphatase, are
prominent regulators of Akt activity (9). To explore whether
glutamate–induced loss of Akt activity is because of the

FIG. 1. PI 3-K activity is essential for the survival of CGCs and maintenance of basal Akt-1 phosphorylation and kinase activity. (a and b) Effects
of PI 3-K inhibitors without or with lithium pretreatment on neuronal survival: CGCs were treated with 3 mM LiCl at day 1 in vitro and then exposed
to indicated concentrations of wortmannin (Wort) (a) or LY294002 (LY) (b) at day 4 in vitro. Wortmannin administration was repeated every 12 h
because this inhibitor is unstable in water. Cell viability was determined by MTT assay at day 8 in vitro. (c and d) Effects of lithium on PI 3-K activity:
Cells were treated with 3 mM LiCl for 5 or 30 min. Activity of immunoprecipitated PI 3-K was determined by using PI as a substrate. Radioactive
PI 3-P products were visualized by autoradiography (c) and quantified (d). The experiment was repeated three times with similar results. (e)
Immunoblot of Akt-1 phosphorylation at Ser473 in CGCs treated with various kinase inhibitors: Cells were treated for 30 min with 100 nM Wort,
50 mM LY, 10 mM SB 230580 (SB) or 10 mM PD 98059 (PD). Immunoblotting with phospho-specific Akt-1 antibody was performed 3 times with
similar results. ( f) Immunocomplex Akt-1 kinase assay of CGCs treated with various kinase inhibitors: Cells were treated for 30 min with 100 nM
Wort, 50 mM LY, 10 mM SB or 10 mM PD, and cell lysates were examined for Akt-1 kinase activity. (g) Effects of serum deprivation on
immunocomplex Akt-1 activity: CGCs were cultured in a medium containing 10% FCS for 8 days. The medium was then switched to a medium
without serum at indicated times (1.5 or 24 h) before harvest. Results presented in a, b, f, and g are means 6 SEM in three to six independent
experiments.
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activation of phosphatases and therefore enhancement of
dephosphorylation, we examined the effects of phosphatase
inhibitors. Okadaic acid at 0.1 and 1 mM did not further
increase serum-elevated Akt-1 activity in untreated cells, but
treatment with okadaic acid did suppress glutamate-induced
Akt-1 activity loss in a dose-dependent manner (Fig. 4b).
Similarly, caliculin A at 10 and 50 nM completely prevented
glutamate-induced effects on Akt-1.

Akt-1 activation induced by short-term lithium treatment
was abolished by wortmannin (100 nM) or LY294002 (10 mM)
(Fig. 4c), suggesting that lithium-induced Akt activation is
mediated through PI 3-K signaling. Lithium’s effect was not
mimicked by L-690,330, a potent inhibitor of inositol mono-
phosphatase (18). However, insulin increased Akt-1 activity by
more than 2-fold, suggesting a convergent site of action with
lithium in CGCs. To determine whether the signals generated
by lithium-induced activation of Akt can be correlated with
modulation of its physiological targets, we examined the
effects of lithium on phosphorylation of GSK-3. Phosphory-
lation of GSK-3a at Ser21 and GSK-3b at Ser9 via Akt has been
shown to mediate insulin-induced inhibition of GSK-3 activity
(19). Similar to the action on Akt-1, lithium induced a biphasic,
reversible increase in GSK-3a phosphorylation (Ser21) (Fig.
4d). The levels of total GSK-3 protein determined from the
same samples remained unchanged. Moreover, the enhanced
phosphorylation elicited by 30-min exposure to LiCl was
blocked by either LY294002 or wortmannin, suggesting the
involvement of the PI 3-KyAkt cascade (data not shown).

DISCUSSION
Our results robustly demonstrate that glutamate and lithium
modulate Akt-1 phosphorylation state and kinase activity. In

the case of glutamate-induced loss of Akt-1 phosphorylation
and activity, we have provided evidence that these effects are
most likely caused by the activation of protein phosphatase 2A
that is involved in the dephosphorylation of Akt-1 (9), because
protein phosphatase inhibitors robustly antagonize glutamate-
induced Akt-1 activity loss. Mechanisms underlying the phos-
phatase activation could be related to the glutamate-induced
influx of calcium and sodium ions mediated by NMDA recep-
tors in CGCs (14). In contrast, lithium treatment activates
Akt-1 by enhancing phosphorylation triggered by PI 3-K
signaling. This conclusion is based on our findings that the
enhanced Akt-1 activity is blocked by selective PI 3-K inhib-
itors and that lithium treatment rapidly increases PI 3-K
activity. The activation of PI 3-K under our experimental
conditions suggests that lipid second messengers such as
PI-3,4,5-P3 or PI-3,4-P2, or both, are generated in response to
lithium treatment. The mechanisms by which lithium activates
PI 3-K are unclear. However, the similarity in the protective
actions of lithium and IGF-1 (2, 5) raises the possibility that
lithium may regulate the synthesis or release, or both, of IGF-1
and other growth factors from CGCs.

Glutamate-induced loss of Akt-1 phosphorylation and ac-
tivity is rapid, reversible, dose- and time-dependent, and
correlated with the death of CGCs. Cell death and caspase 3
activation are already profound at 4 h after glutamate expo-
sure. Because caspase activation occurs by proteolytic process-
ing and is considered to be irreversible (10), the recovery of
Akt-1 activity beyond this time point is not expected to reverse
the ‘‘death commitment’’ process. Long-term lithium pretreat-
ment prevents the complete loss of Akt-1 activity and accel-
erates the recovery of Akt-1 phosphorylation and activity.
These effects of lithium may therefore contribute to suppres-

FIG. 2. Glutamate rapidly inhibits Akt-1 phosphorylation and kinase activity, with concomitant loss of cell viability and induction of PARP
cleavage. These effects are suppressed by long-term lithium treatment. (a) Concentration-dependent effects of glutamate on Akt-1 activity and cell
viability: CGCs were treated with indicated concentrations of glutamate for 30 min. Akt-1 was immunoprecipitated from cell lysates and the kinase
activity was measured. Sister cultures were treated with the same concentrations of glutamate for 20 h and tested for cell viability by MTT assay.
(b and c) Time-course of glutamate-induced inhibition of Akt-1 phosphorylation and total Akt protein: Cells were pretreated without (b) or with
(c) 3 mM LiCl for 7 days and then treated with 50 mM glutamate for immunoblotting with phospho-specific (Ser473) Akt-1 (Upper blots) and Akt
antibodies recognizing Akt-1 independent of its phosphorylation state (Lower blots). (d) Akt-1 kinase activity in CGCs treated with glutamate in
the absence or presence of lithium; aliquots (500 mg of protein) from some samples used in the experiments described in b and c were used. Akt-1
was immunoprecipitated from cells pretreated without or with 3 mM LiCl for 7 days and then exposed to 50 mM glutamate for the indicated times
and harvested for Akt-1 kinase activity assay. (e) Time-course of glutamate-induced cell loss in the absence or presence of lithium: CGCs were
pretreated without or with 3 mM LiCl for 7 days and then exposed to 50 mM glutamate for the times indicated before cell viability measurement
by MTT assay. ( f) Glutamate-induced caspase 3 activation is prevented by lithium pretreatment: Cells were treated with 3 mM LiCl for 7 days andyor
50 mM glutamate and subjected to immunoblotting with PARP-specific antibodies. Representative immunoblots from at least three experiments
are shown in b, c, and f. Results shown in a, d, and e are means 6 SEM from three independent experiments.
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sion of caspase activation and prevent cells from entering the
death commitment phase. Interestingly, it has been shown that
Akt induces phosphorylation and inactivation of BAD, a
proapoptotic member of the Bcl-2 family (20), and enhances
the expression of Bcl-2, an antiapoptotic protein (21). Indeed,
we found that lithium treatment promotes the expression of
Bcl-2, but inhibits the expression of p53 and Bax in CGCs,
resulting in inhibition of caspase activation (22).

Glutamate and lithium, through their effects on Akt, may
also regulate survival by several other mechanisms, because
there are additional downstream targets of this kinase that are
involved in cell-fate determination. These include caspase 9
(23), 4E-BP1 protein (24), CREB (25), L-type calcium chan-
nels (26), and GSK-3 (19, 27). Our results show that lithium
induces GSK-3 phosphorylation as a result of Akt activation
mediated through the PI 3-K signaling cascade, in addition to

FIG. 4. Pharmacological and biochemical characterization of glutamate-decreased and lithium–increased Akt-1 activity. (a) MK-801, an NMDA
receptor antagonist, prevented glutamate-induced inhibition of Akt-1 activity, whereas the fluoromethyl ketone peptide analog Z-DEVD-fmk, a
caspase 3 inhibitor, did not. Cells at day 8 in vitro were treated with 10 mM MK-801 or 200 mM Z-DEVD-fmk for 40 min and then treated with
50 mM glutamate for 30 min for the Akt-1 kinase activity assay. (b) Effects of protein phosphatase inhibitors on glutamate-inhibited Akt-1 activity:
Cells were pretreated with the indicated concentrations of okadaic acid or caliculin A for 60 min before exposure to 50 mM glutamate for 15 min
and assayed for Akt-1 kinase activity. (c) Characterization of lithium-induced Akt-1 activation: Cells at day 8 in vitro were treated with 3 mM LiCl
for 20 min without or with 30-min pretreatment with 100 nM wortmannin or 10 mM LY294002. When indicated, cells were also treated with 200
mM L-690330 (an inositol monophosphatase inhibitor) or 2 mM insulin for 20 min and assayed for Akt-1 activity. (d) Time-course of effects of lithium
on GSK-3 a (Ser21) phosphorylation and total GSK-3: CGCs were treated with 3 mM LiCl for indicated times and immunoblotting was performed
with phospho-specific (Ser21) antibody to GSK-3 a (Upper blot) and total GSK-3 antibody (Lower blot). Representative immunoblots from two
experiments are shown. Quantified results in a, b, and c are means 6 SEM from at least four independent experiments.

FIG. 3. Lithium increases Akt kinase activity and phosphorylation in a time- and concentration-dependent manner. (a) Effects of lithium on
Akt-1 activity: Cells were treated with 3 mM LiCl for the indicated times and Akt-1 kinase activity was measured in cell lysates by immunocomplex
kinase assay. (Inset) The same kinase activity assay was performed at the indicated times after LiCl treatment by using antibodies selective to Akt-1,
Akt-2, and Akt-3 isoforms. (b) Effects of lithium on Akt-1 (Ser473) phosphorylation and total Akt protein levels: Aliquots of the samples prepared
for experiment presented in a were used for immunoblotting with phospho-specific (Ser473) Akt-1 antibodies (Upper) and Akt antibodies (Lower).
(c) Concentration-dependence of acute lithium-induced Akt-1 (Ser473) phosphorylation and Akt-1 kinase activity: Cells were treated with LiCl for
30 min and harvested for immunoblotting with phospho-specific (Ser473) Akt-1 antibodies (Top), for Akt-1 kinase-activity measurement (Middle),
and for immunoblotting with phosphorylation-independent Akt antibodies (Bottom). (d) Concentration-dependence of prolonged lithium-induced
Akt-1 (Ser473) phosphorylation and total Akt protein levels: Cells were treated with LiCl for 7 days and then immunoblotting was performed with
phospho-specific (Ser473) Akt-1 (Upper blot) and Akt antibodies (Lower blot). Akt activity results in a and c are means 6 SEM from at least four
independent experiments. Representative immunoblots from experiments repeated three times are shown in b, c, and d.
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the direct inhibitory effects of lithium on this enzyme observed
in vitro (28). The Akt-mediated effects of lithium on GSK-3
could be another mechanism underlying lithium-induced tran-
scriptional activation in CGCs (29) and inhibition of t-protein
hyperphosphorylation in other cell types (30).

We have reported that NMDA also protects CGCs from
glutamate excitotoxicity (31). It is interesting that NMDA
activates PI 3-K (16) and Akt-1 activity (data not shown) in
CGCs, suggesting that NMDA and lithium have a convergent
mechanism in their neuroprotective actions. In neuroblastoma
cells NMDA-induced activation of Akt occurs by phosphory-
lation at Thr308, but not Ser478, through the activation of a
Ca21ycalmodulin-dependent protein kinase kinase in a PI 3-K
independent manner (32). Thus, Akt appears to be a common
target of the neuroprotective effects of NMDA and lithium,
although distinct mechanisms are involved. It is well accepted
that a modest increase in intracellular Ca21 concentrations
induced by NMDA treatment is beneficial and promotes
survival (26, 32). In contrast, an excessive activation of NMDA
receptors induced by glutamate treatment or cerebral ischemia
disrupts calcium homeostasis and results in either apoptotic or
necrotic neuronal death or both (33, 34). Our results suggest
that differential effects on Akt activity may underlie these
opposite actions of glutamate and NMDA on cell-fate.

It is unclear whether the effects of lithium on Akt activity are
related to its therapeutic efficacy for the treatment of bipolar
disorder. However, it is likely that Akt activation is related to
some side effects of lithium. For example, the PI 3-KyAkt
signaling cascade has been linked to the pathogenesis of
certain forms of leukemia (21). Lithium treatment is known to
cause leukocytosis and has been used to suppress leukopenia
in patients undergoing radiotherapy or chemotherapy (for
review, see ref. 35). Lithium has also been known to overcome
leukocyte loss induced by carbamazepine (36), another drug
used to treat bipolar disorder. Activation of Akt may underlie
this aspect of lithium’s clinical efficacy. Our results provide
insight into how lithium and glutamate mediate their effects in
neurons, and these findings could be used to develop a novel
intervention for neurodegenerative disorders.
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